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ABSTRACT 

Plasma  wave  measurements  on  the  Helios  1 and  2 spacecraft 
have  revealed  the  occurrence  of  electric  field  turbulence  in  the  solar 
wind  at  frequencies  between  the  electron  and  ion  plasma  frequencies. 
Wavelength  measurements  with  the  IMP  6 spacecraft  now  provide  strong 
evidence  that  these  waves  are  short  wavelength  ion-acoustic  waves 
which  are  doppler  shifted  upward  in  frequency  by  the  motion  of  the 
solar  wind.  Comparison  of  the  Helios  results  with  measurements  from 
the  earth-orbiting  IMP  6 and  8 spacecraft  shoe  s that  th  ion-acoustic 
wave  turbulence  detected  in  interplanetary  space  has  characteristics 
essentially  identical  to  bursts  of  electrostatic  turbulence  generated 
by  protons  streaming  into  the  solar  wind  from  the  earth's  bow  shock. 

In  a few  cases  enhanced  ion-acoustic  wave  intensities  have  been  ob- 
served in  direct  association  with  abrupt  increases  in  the  anisotropy 
of  the  solar  wind  electron  distribution.  This  relationship  strongly 
suggests  that  the  ion-acoustic  waves  detected  by  Helios  far  from  the 
earth  are  produced  by  an  electron  heat  flux  instability,  as  suggested 
by  Forslund.  Possible  related  mechanisms  which  could  explain  the 
generation  of  ion-acoustic  waves  by  protons  streaming  into  the  solar 


wind  from  the  earth's  bow  shock  trc  also  considered. 


I.  INTRODUCTION 

Plasma-wave  measurements  on  the  solar  orbiting  Helios  1 and  2 
spacecraft  [Gurnett  and  Anderson,  1977]  have  recently  revealed  the 
occurrence  of  significant  levels  of  electric  field  turbulence  in  the 
solar  wind  at  frequencies  from  about  1 to  10  KHz,  between  the  electron 
and  ion  plasma  frequencies.  In  this  paper  we  expand  the  initial 
investigation  of  this  turbulence  and  present  evidence  that  this  tur- 
bulence consists  of  ion-acoustic  waves  below  the  ion  plasma  frequency 
which  are  doppler  shifted  upward  in  frequency  by  the  motion  of  the 
solar  wind.  Measurements  are  presented  both  in  interplanetary  spac-, 
from  Helios  1 and  2,  and  in  the  solar  wind  upstream  of  the  earth':  bow 
shock,  from  IMP  6 and  8.  These  data  provide  a comprehensive  description 
of  the  spoetr  ;m,  polarization,  wavelength  and  >ther  essential  charac- 
teristics of  the  turbulence.  Conpar irons  are  also  made  wi tfi  the 
ambient  plasma  parameters  under  a variety  of  conditions  to  identify  the 
origin  of  these  waves.  Tn  interplanetary  space,  far  away  from  the 
earth,  the  primary  mechanism  for  producing  the  ion-acoustic  waves  is 
believed  to  be  the  electron  heat  flux  instability  suggested  by 
Forslund  [ 1970 J * Near  the  earth,  however,  the  same  type  of  waves  are 
often  observed  to  be  associated  with  low-energy,  1 to  10  keV,  protons 
streaming  toward  the  sun  from  the  earth's  bow  shock.  Thus,  more  than 


one  mechanism  is  apparently  operative  in  the  solar  wind  to  destabilize 
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the  ion-acoustic  node.  As  will  be  discussed,  similar  mechanisms,  based 
on  an  induced  drift  between  the  solar  wind  electrons  and  protons,  are 
believed  to  account  for  both  the  heat  flux  and  proton  streaming  insta- 
bilities. 

In  the  initial  description  of  the  ion-acoustic  wave  turbulence 

by  Gurnett  and  Anderson  [1977]  this  turbulence  was  called  f*  < f c f“ 

P P 

noise.  This  terminology  was  chosen  on  a strictly  observational  basis, 
since  the  largest  intensities  usually  occur  in  the  frequency  range 
between  the  electron  and  ion  plasma  frequencies,  f~  and  f*.  As  de- 
tected by  Helios  1 and  2 the  maximum  single  channel  (+  10$  bandwidth) 
electric  field  amplitudes  of  the  f ^ < f c f ” noise  are  typically  a 
few  hundred  uV  m--1-.  The  electric  field  strength  of  this  noise  is  very 
impulsive,  consisting  of  many  brief  bursts  lasting  for  only  a few 
seconds.  When  viewed  on  a time  scale  of  several  hours  or  more  the 
f p < f < f”  noise  is  present  a large  fraction  (30  to  50$)  of  the  time. 
The  noise  is  observed  over  the  entire  range  of  the  Helios  orbits  from 
about  0.3  to  1.0  A.U.  The  frequency  spectrum  of  the  f*  <.  f < f noise 
shows  a systematic  variation  with  radial  distance  from  the  sun, 
shifting  toward  higher  frequencies  closer  to  the  sun.  Spin  modulation 
measurements  show  that  the  electric  field  of  the  noise  tends  to  be 
aligned  along  the  direction  of  the  magnetic  field  in  the  solar  wind. 
Gurnett  and  Anderson  discussed  the  possible  plasma  wave  modes  which 

could  account  for  the  f + < f < f~  noise  and  concluded  that  the  noise 

P P 

could  be  produced  by  either  the  Buneman  mode  [Buneman,  1958]  or  by 


the  ion-acoustic  mode,  with  the  ion-acoustic  mode  being  the  most  likely. 


Since  the  f + <r  f < f"  noise  is  now  definitely  believed  to  be  associated 
P P 

with  the  Lon-acoustic  mode,  we  will  consistently  refer  to  this  noise 
as  "ion-acoustic  waves",  even  though  the  detailed  arguments  for  this 


II. 


HELIOS  OBSERVATIONS  IN  INTER!  I A NETARY  SPACE 


Since  more  data  have  now  been  analyzed  from  the  Helio:.  plasma 


wave  experiments,  a much  more  detailed  analysis  of  the  ion-acoustic 
waves  detected  by  Helios  in  the  interplanetary  medium  can  be  provided 
than  was  given  in  the  initial  survey  by  Gurnett  and  Anderson  [ 19T7 ] - 
For  details  of  the  Helios  1 and  2 plasma  wave  instrumentation  see 
Gurnett  and  Anderson  [1977] • A typical  example  of  the  ion-acoustic 
waves  detected  by  Helios  2 is  shown  in  Figure  1.  Helios  2 at  this 
time  is  near  the  earth- sun  line  at  a heliocentric  radial  distance  of 
about  0.45  A.U.  These  data  are  selected  from  a period  when  a nearly 
continuous  level  of  ion-acoustic  wave  turbulence  was  being  detected. 

The  solid  lines  for  each  frequency'  channel  in  Figure  1 show  the  peak 
electric  field  intensities  over  40.0  second  intervals  and  the  vertical 
bars  (solid  black  areas)  indicate  the  corresponding  average  electric 
field  intensities.  The  intensity  scales  are  logarithmic  with  a total 
range  of  100  db  from  the  bottom  of  one  channel  to  the  bottom  of  the 
mxt  adjacent  channel.  The  ion-acoustic  turbulence  is  evident  as  a 
l road  band  of  noise  extending  from  about  1.0  t 17.8  kHz,  roughly 
between  the  electroi  ar.d  ion  plasma  frequencies,  f”  and  f*,  as  indi- 
cated on  the  right-hand  side  of  Figure  i.  A typical  spectrum,  selected 
from  Figure  l at  a time  of  nearly  maximum,  intensity  is  shown  in. 

Figure  2.  The  broad  peak  ir.  the  spectrum  between  the  electron  and 
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ior.  plas:na  frequencies  is  clearly  evident.  As  will  be  discussed 
later,  the  relationship  to  the  local  electron  and  ion  plasma  frequen- 
cies, f < f < f"  is  mainly  fortuitous,  since  the  frequency  spectrum 
’ p x>  1 

of  t'ne  ion-acoustic  wave  turbulence  is  strongly  doppler  shifted  by 
the  motion  of  the  solar  wind.  Both  Figures  1 and  2 show  that  the  peak 
field  strengths  of  the  ion-acoustic  waves  are  much  larger  than  the 
average  field  strengths,  indicating  that  the  noise  is  very  impulsive. 
The  detailed  temporal  variations  are  illustrated  in  Figure  3,  which 
shows  a very  high  time  resolution  snapshot  of  the  electric  field  in- 
tensities stored  in  the  spacecraft  memory  from  the  event  in  Figure  1, 
at  about  0257  UT.  These  high  time  resolution  measurements  show  that 
the  ion-acoustic  turbulence  consists  of  many  short  bursts  lasting  only 
a few  tenths  of  a second.  The  individual  bursts  have  a very  broad 
bandwidth  and  tend  to  occur  simultaneously  across  a broad  range  of 
frequencies.  Occasionally  high  time  resolution  measurements,  such  as 
in  Figure  3>  show  distinct  evidence  of  spin  modulation  caused  by  the 
rotation  of  the  electric  antenna.  A brief  period  where  such  spin 
modulation  is  apparent  occurs  from  about  +12  tc  +15  seconds  in  the 
1.78  kHz  channel  in  Figure  3*  The  spin  modulation  consists  of  two 
maxima  and  two  minima  in  each  1 second  rotation  of  the  spacecraft. 

In  most  cases,  the  extremely  rapid  temporal  variations  make  it  very 
difficult  to  accurately  determine  the  phase  of  the  spin  m dilation. 
However,  by  averaging  a long  series  of  measurements  the  detailed  spin 


modulation  patt  rn  can  usually  be  identified.  An  example  'f  one  so -h 
series  of  measurements  is  illustrated  in  Figure  4,  which  r;  ws  th> 


I 


8 

electric  field  intensity  distribution  above  a fixed  percentage  occurrence 
level  (10  and  20$)  as  a function  of  the  antenna  orientation  angle 
CD&  . A long,  1-hour,  analysis  interval  is  used  to  reduce  statistical 
fluctuations.  These  data  show  that  the  maximum  electric  field  in- 
tensity occur,  when  the  antenna  is  oriented  approximately  parallel  to 
the  solar  wind  magnetic  field.  Individual  high  time  resolution  meas- 
urements of  the  spin  modulation,  as  in  Figure  3,  also  show  this  same 
relationship.  From  these  measurements  it  is  concluded  that  the  electric 
field  of  the  ion-aco  ,stic  wave  turbulence  is  oriented  approximately 
parallel  to  the  static  magnetic  field  in  the  solar  wind. 

To  illustrate  the  approximate  fraction  of  the  time  that  the 
ion-acoustic  wave  turbulence  is  present  in  the  solar  wind.  Figure  5 
shows  the  peak  and  average  field  strengths  for  one  complete  solar 
rotation.  The  four  frequencies  shown  in  Figure  5 are  selected  to  cover 
the  range  of  frequencies  in  which  the  ion-acoustic  turbulence  is 
normally  observed.  The  peak  and  average  field  strengths  are  shown  by 
lines  and  vertical  bars,  as  in  Figure  1.  A time  interval  of  36.0 
minutes  is  used  for  both  the  peak  and  average  field  strength  calcula- 
tions. It  is  evident  from  Figure  5 that  peak  electric  field  ampli-  , 

tudes  of  a few  hundred  pV  m-1  are  present  in  the  frequency  range  from 
1.78  to  5.62  kHz  a substantial  fraction  of  the  time.  Occasionally 
bursts  of  ion-acoustic  noise  are  seen  to  extend  into  the  562  Hz  and 
17.8  kHz  channels.  Because  of  tue  long  interval  for  the  peak  deter- 
mination, the  compressed  time  scale  presentation  in  Figure  'y  tends  to 
enhance  the  apparent  occurrence  of  ion-acoustic  waves,  since  even  one 


f 


9 


r 


short  burst  during  any  given  36  minute  interval  will  register  in  the 
peak  measurements.  Nevertheless,  these  data  show  that  bursts  of  ion- 
acoustic  wave  turbulence  are  a common  feature  of  the  solar  wind,  since 
during  any  given  36  minute  interval  a few  bursts  are  normally  detected. 
Occasionally  quiet  periods  occur,  such  as  on  Oct.  20.  However,  usually 
some  turbulence  is  detected  in  any  given  36  minute  interval.  Sometimes 
distinct  enhancements  are  evident  for  periods  of  several  days,  as  for 
example  from  Oct.  7 to  Oct.  12. 

To  investigate  the  variation  in  the  spectrum  of  the  ion-acoustic 
wave  turbulence  with  radial  distance  from  the  sun  a detailed  statistical 
analysis  has  been  performed  on  all  of  the  available  Helios  1 data, 
consisting  of  approximately  two  complete  orbits  around  the  sun.  The 
results  of  this  analysis  are  summarized  in  Figure  6,  which  shows  the 
distribution  of  electric  field  strengths  detected  in  each  frequency 
channel  as  a function  of  radial  distance.  The  electric  field  strengths 
used  in  this  analysis  are  36  minute  peak  values,  comparable  to  those 
in  Figure  5.  The  electric  field  strength  contours  shown  in  Figure  6 
correspond  to  intensities  which  are  exceeded  a fixed  fraction  (5  and 
10  percent)  of  the  time.  The  portion  of  the  overall  spectrum  attri- 
buted to  the  ion-acoustic  wave  turbulence  is  indicated  by  the  cross- 
hatched  areas.  The  steeply  rising  spectrum  at  low  frequencies,  ^ 300 
Hz,  is  caused  by  interference  from  the  spacecraft  solar  array  (also 
evident  in  Figure  l).  The  isolated  peaks  in  the  spectrum  at  high 
frequencies,  > 30  kHz,  are  caused  by  narrowband  electron  plasma 
oscillations  comparable  to  the  event  in  Figure  1 at  about  0700  UT. 
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These  plasma  oscillations  are  directly  associated  with  energetic  elec- 
trons streaming  outward  from  the  sun  [Gurnett  and  Frank,  1975]  ar.d 
are  often  directl;  associated  with  type  III  solar  radio  bursts  [Gurnett 
and  Andersen,  1976].  Although  narrowband  electron  plasma  oscillations 
are  easily  distinguished  from  ion-acoustic  waves,  no  attempt  was  made 
to  separate  the  two  types  of  waves  for  the  statistical  analysis  in  Figure 
6 since  the  plasms  oscillations  oucur  very  infrequently.  Figure  6 clearly 
shows  that  Doth  tr.e  frequency  and  Intensity  of  the  ion-acoustic  waves  in- 
crease with  decreasing  radial  distance  from  the  sun.  A rough  analysis 
indicates  that  the  frequencies  of  b'th  the  ion-acoustic  waves  and  the 
election  plasma  oscillations  vary  approximately  as  l/h,  where  R is  the 
heliocentric  radial  di  ta:  ».  The  radial  variation  of  t'  ion-acoust.'c 
wave  intensity  is  shown  in  more  detail  by  Figure  7,  which  gives  the 
distribution  of  broad-band  electric  field  strengths  as  a function  of  trie- 
radial  distance  from  the  sun.  The  broad-band  electric  field  strengths 
used  in  this  analysis  are  calculated  by  integrating  the  individual, 

3*  minute,  peak  electric  field  spectruns  from  5f  2 Hz  to  31>1  kHz.  As 
can  ce  seen  from  Figure  6,  the  main  part  of  the  ion-acoustic  wavi- 
spectrum  usually  occurs  in  this  frequency  range.  The  frequency 
occurrence  contours  in  Figure  7 clearly  show  the  increase  in  the  ion- 
acoustic  wave  intensity  with  decreasing  radial  distance  from  the  sun. 

A best  fit  analysis  of  the  broad  band  field  strength  as  a function  of 
the  radial  distance,  assuming  a power  law  radial  distance  dependence, 
indicates  that  the  electric  field  strength  also  varies  approximately  as 
l/R. 
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III.  IMP  o AND  8 0BSERVATI0N3  UPSTREAM  OF  THE  EARTH'S  BOW  SHOCK 

Waves  essentially  identical  to  the  ion-acoustic  waves  detected 
by  Helios  are  also  commonly  observed  by  the  IMP  6 and  8 spacecraft  in 
the  solar  wind  upstream  of  the  earth's  bow  shock.  See  Gurnett  [1974] 
for  a description  of  the  plasma  wave  instrumentation  on  IMP  6 and  8. 

As  will  be  shown,  some  of  the  ion-acoustic  waves  detected  by  IMP  6 
and  8 are  clearly  of  terrestrial  origin,  whereas  others  appear  to  be  of 
interplanetary  origin,  as  in  the  Helios  observations.  Figures  8,  9 and 
10  illustrate  some  typical  examples  of  the  ion-acoustic  waves  detected 
by  IMP  8 upstream  of  the  bow  shock.  Figure  8 shows  an  example  of  an 
earth-related  event  in  which  a burst  of  ion-acoustic  waves,  from  about 
0920  to  1115  UT,  is  closely  associated  with  the  arrival  of  a stream  of 
low-energy  protons  from  the  earth's  bow  shock.  The  corresponding  chaiged 
particle  measurements  from  the  University  of  Iowa  low-energy -proton- 
elect  r on  -differential-  energy  -analyzer  (LEPEDEA)  on  IMP  8 are  shown 
in  Plate  1.  Details  of  this  spectrogram  display  of  the  charged  parti- 
cle intensities  and  the  LEPEDEA  instrumentation  are  given  by  Frank  et 
al.  [1976].  The  sunward  streaming  1 to  10  keV  protons  associated  with 
the  ion-acoustic  waves  are  clearly  evident  in  the  second,  third  and 
fourth  spectrograms  fran  the  top  in  Plate  1,  between  about  0920  and 
1115  UT,  in  almost  exact  coincidence  with  the  burst  of  ion-acoustic 
waves.  These  spectrograms  represent  viewing  directions  looking  toward 
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local  evening,  local  midnight,  and  local  morning,  respectively.  The 
direction  of  motion  of  the  protons  can  also  be  seen  from  the  sector 
spectrogram  in  Plate  1,  which  shows  that  the  protons  are  streaming 
toward  the  sun  with  directions  of  arrival  in  the  range  120°  ^ cp™  ^ 300° 

Oil 

(solar  ecliptic  coordinates).  IMP  8 at  this  time  is  located  upstream 
of  the  earth,  at  a local  time  of  about  14.5  hr.  and  a geocentric 
radial  distance  of  about  4l  Rg.  The  observed  directions  of  arrival 
correspond  closely  with  the  expected  directions  of  motion  for  particles 
originating  from  the  vicinity  of  the  earth.  The  velocity  distribution 
function  for  these  protons,  measured  along  directions  approximately 
parallel  to  the  earth-sun  line  is  shown  in  Figure  11,  along  with  the 
ambient  solar  wind  distribution  determined  from  the  Los  Alamos  plasma 
instrument  on  IMP  8 [personal  communication,  W.  Feldman].  As  can  be 
seen  from  Figure  11,  the  protons  streaming  into  the  solar  wind  produce 
a very  pronounced  double  peak  in  the  proton  distribution  function. 
Possible  mechanisms  by  which  these  sunward  streaming  protons  can 
generate  ion-acoustic  waves  are  considered  later. 

Upstream  ion-acoustic  waves  associated  with  sunward  streaming 
protons,  such  as  illustrated  in  Figure  8,  almost  certainly  correspond 
to  the  electrostatic  noise  first  reported  by  Scarf  £t  al.  [1970]  using 
measurements  from  OGO  5*  In  comparison  to  the  ion  acoustic  waves 
detected  by  Helios,  the  upstream  waves  detected  by  IMP  8 hav  essen- 
tially identical  characteristics.  Tr  both  cases  the  noise  is  electro- 
static and  extends  with  comparable  intensities  from  about  562  Hz  t< 


10  kHz,  between  the  electron  and  ion  plasma  frequencies.  The  peak 
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electric  field  strengths  are  much  greater  than  the  average  electric 
field  strengths,  as  in  the  Helios  measurements,  arid  angular  distributions, 
such  as  In  iigure  12,  shew  tr.at  the  wave  electric  field  is  align  -d 
approximately  parallel  to  the  solar  wind  magnetic  field,  also  Lr.  agree- 
ment witn  the  Helios  observations.  Fr' m all  available  evidence,  the 
electrostatic  waves  generated  upstream  of  the  earth  by  protons  arriving 
from  the  bow  shock  are  essentially  identical  to  the  ion-acoustic 
waves  detected  by  Helios  far  from  the  earth.  These  comparisons  indicate 
that  the  same  basic  plasma  wave  mode,  the  ion-acoustic  mode,  is  involved 
in  both  types  of  noise.  The  detailed  mechanisms  by  which  the  ion- 
acoustic  waves  are  generated  must,  however,  be  quite  different,  since 
protons  from  the  earth's  bow  shock  cannot  possibly  produce  the  waves 
detected  by  Helios  far  from  the  earth. 

Not  all  of  the  ion-acoustic  waves  detected  by  IMP  8 are  asso- 
ciated with  protons  arriving  from  the  bow  shock.  Figure  9 , for  example, 
shows  a sequence  of  ion-acoustic  wave  events  extending  over  an  entire 
day  which  are  not  related  to  upstreaming  protons.  The  corresponding 
LEPEDEA  spectrograms  in  Plate  2 for  the  same  day  demonstrate  that  no 
sunward  streaming  protons  are  detectable  during  these  events,  except 

y 

possibly  for  the  event  around  1300  to  lkOO  UT.  The  magnetic  field 
during  this  day  is  often  close  to  the  ecliptic  plane,  so  there  is  no 
possibility  that  the  LEPEDEA,  which  scans  viewing  directions  in  the 
ecliptic  plane,  would  not  be  able  to  detect  protons  streaming  along  the 
magnetic  field  from  the  bow  shock.  The  corresponding  electron  spectro- 
grams in  Plate  2 also  show  no  abrupt  changes  in  the  electron  distribution 
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f m ■■  ion  wh Lch  car.  be  clearly  relat<  d I var ial  i ns  Ln  the  i m-ac  ist  i c 
wav-.:  -atensity.  I -acoustic  wave  ac.  Lvity  of  this  : ype,  for  which  no 
eartr. -related  source  car.  be  identified,  • ustitute:  about  30  to  O';  of 
all  f t tic - ion-acoustic  wave  activit;.  detected  by  IMP  8 ipstream  of  the 
bow  shock.  >-;vents  of  this  type  evidently  correspond  to  the  inter- 
plan-  tar.y  ion-acoustic  wave  turbulence  commonly  detected  by  Helios  far 
f r: m vn-  ear^h,  since  no  earth-related  source  can  be  identified. 

lo  try  to  identify  the  feature  of  the  solar  wind  charged- 
particle  distribution  which  produces  the  interplanetary  (non-earth 
related)  ion-acoustic  wave  turbulence,  the  IMP  8 LEEEDEA  and  plasma 
wave  data  have  been  examined  for  correlated  events  which  would 
indicate  the  origin  of  the  instability.  Several  events  have  been 
identified  which  strongly  indicate  that  the  anisotropy  associated 
with  the  electron  heat  flux  in  the  solar  wind  plays  an  important 
role  in  producing  the  ion-acoustic  wave  turbulence,  us  was  first 
suggested  by  Forslund  [1970].  One  such  event,  which  occurred  during 
a disturbed  period  on  July  5,  1974,  is  illustrated  in  Figure  10 
and  Plate  3*  In  this  case  a pronounced  burst  of  ion-acoustic  turbu- 
lence occurs  from  about  1645  to  1930  UT,  preceded  by  a shorter  burst 
from  about  1540  to  1600  UT.  The  LEPEDEA  spectrograms  in  Plate  3 clearly 
show  that  no  protons  are  arriving  from  the  earth's  bow  shock  during 
this  time,  so  these  waves  must  correspond  to  the  interplanetary  ion- 
acoustic  wave  turbulence.  The  enhanced  background,  evident  in  the 
proton  spectrogram  throughout  the  period  shown  in  Plate  3.  is  caused  by 
an  energetic  solar  cosmic  ray  event.  Close  examination  of  the  elec- 
tron sector  spectrogram  in  the  second  panel  from  the  bottom  in  Plate  3 
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shows  that  the  ion-acoustic  turbulence  occurs  during  a period  when  a 
substantial  anisotropy  is  present  in  the  solar  wind  electron  distribu- 
tion. The  maximum  intensities  occur  for  1EFEDEA  viewing  directions  in 

the  range  0°  «.  ml  < 90' , which  are  approximately  symmetrical  with 
o h 

respect  to  the  magnetic  field  direction,  C^,v  u.  45°,  durir--  this  period. 
This  anisotropy  is  representative  of  a substantial  str  aming  of  elec- 
trons along  the  magnetic  field  away  from  the  so  . The  electron 
velocity  distribution  indicates  that  these  electrons  correspond  to 
the  high  temperature  "halo”  electrons  which  provide  the  main  contri- 
bution to  the  heat  flux  in  the  solar  wind  [Feldman  et  al. , 1974]. 

The  anisotropy  evident  in  Plate  3 corresponds  to  an  unusually  large 
electron  heat  flux  away  from  the  sun,  directed  along  the  solar  w'nd 
magnetic  field.  The  detailed  variations  of  the  electron  velocity  dis- 
tribution function  at  a fixed  energy  and  the  corresponding  1. kHz 
electric  field  intensity  variations  are  shown  in  Figure  13  near  the 
beginning  of  the  event.  The  electron  distribution  function  is  shown 
in  two  directions,  cp^E  = 34°  and  124°,  which  are  approximately  parallel 
and  perpendicular  to  the  average  magnetic  field  direct  ions  projected 
onto  the  ecliptic  plane  during  this  period.  The  interpretation  of 
these  data  is  somewhat  complicated  by  variations  in  the  magnetic  field 
direction.  Before  about  1610  UT  the  magnetic  field  is  too  far  out  of 
the  ecliptic  plane,  0®  ^ 60°,  for  accurate  measurements  of  the  aniso- 

tropy,  parallel  and  perpendicular  to  the  magnetic  field.  However, 
after  about  1610  UT  the  magnetic  field  is  sufficiently  close  to  the 
ecliptic  plane,  9^,.  5 30°>  for  good  anisotropy  measurements.  As  can 

Or- 
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be  seen  from  Figure  13,  after  about  1650  the  intensities  at  cp£  = 34°, 
along  the  magnetic  field  looking  toward  the  sun,  increase  substantially 
above  th-  intensities  at  = 124°,  perpendicular  to  the  magnetic 
field.  Comparisons  with  the  I.78  kHz  electric  field  intensities  show 
that  the  onset  of  the  ion-acoustic  turbulence  is  closely  correlated 
with  the  increase  in  the  anisotropy  of  the  electron  distribution. 

The  burst  of  noise  at  about  1550  UT  is  also  seen  to  be  closely  correla- 
ted with  the  increase  of  electron  inteuc 1 t ies  in  the  direction 

cpL  ^ 34°  at  about  1552  UT.  Even  though  9^  is  Large  at  this  time 
b h oh 

this  burst  must  be  associated  with  an  anisotropic  component  stream  in;: 
along  the  magnetic  field  since  the  intensity  perpendicular  to  the  mag- 
netic field,  cpL  = 124°,  shows  no  comparable  increase.  The  evidence 
that  the  ion-acoustic  wave  turbulence  is  associated  with  the  mug'  in- 
field-aligned anisotropy  in  the  electron  flux  is  further  supported 
by  the  velocity  distributions  shown  in  Figure  14,  which  are  select'd 
for  times  when  9^  ^ 0°  and  for  viewing  directions  parallel  'gjy  - 30*+° 
and  34°)  and  anti-parallel  (cp£  = 124°  and  214°)  to  the  magn<  tic  field. 

OD 

The  electron  intensity  measurements  at  1252  UT  (triangles),  before  tin 
onset  of  the  ion-acoustic  wave  turbulence,  shows  that  the  anisotrep\ 
is  typically  small,  ^ 20$.,  at  all  velocities.  However,  the  measurements 
at  1720  UT  (circles),  after  the  onset  of  the  ion-acoust ic  wave  turbu- 
lence, show  that  the  anisotropy  is  very  large,  typically  a factor  of 
3 to  5,  over  a broad  range  of  velocities.  These  velocity  distributions 
also  show  that,  other  than  the  change  in  the  anisotropy,  the  electron 
distribution  functions  are  nearly  identical  in  the  two  regions,  before 
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and  after  the  onset  of  the  ion-acoustic  turbulence.  Comparison  of 
these  velocity  distributions  with  the  measurements  of  Feldman  et  al. 
[1975]  clearly  identifies  this  anisotropy  with  a greatly  enhanced  heat 
flux  of  the  halo  electrons,  directed  along  the  magnetic  field  line 
away  from  the  sun.  These  and  other  similar  observations  provide 
strong  evidence  that  the  anisotropy  associated  with  the  electron  heat 
flux  in  the  solar  wind  plays  an  essential  role  in  the  generation  of 
these  waves.  Close  inspection  of  the  electron  angular  distributions 
in  Plate  2 also  shows,  for  example,  that  a similar  electron  anisotropy 
is  present  during  the  period  when  the  ion-acoustic  waves  in  Figure  9 
are  being  observed.  The  variations  in  the  ion-acoustic  wave  intensity 
are  not,  however,  as  easily  associated  with  changes  in  the  electron 
distribution  function  in  this  case,  possibly  because  the  ion-acoustic 
mode  is  close  to  marginal  stability,  so  that  only  very  minor  changes 
in  the  electron  distribution  or  other  parameters  can  trigger  the  growth 
or  decay  of  the  waves. 
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IV.  IDENTIFICATION  OF  THE  TURBULENCE  AS  ION-ACOUSTIC  WAVES 

Some  of  the  factors  involved  in  the  identification  of  the  plasma 

wave  mode  associated  with  the  f + < f < f noise  detected  by  Helios 

P P 

have  already  been  discussed  by  Gurnett  and  Anderson  [1977].  From 

the  electrostatic  character  of  the  noise  and  the  electric  field 

orientation  (parallel  to  the  static  magnetic  field),  a wide 

variety  of  plasma  wave  inodes  can  be  eliminated  from  consideration. 

Essentially  only  two  plasma  wave  modes  are  known  which  could  account 

for  all  of  the  observed  characteristics.  These  modes  are  the  ion- 

acoustic  mode  at  f ^ f+  and  the  Buneman  mode  [Buneman,  1958'  at 

f_  ~ (m“An+)'I'/  ^ f".  We  also  note  that  Scarf  et  al.  [1970]  identified 
a p 

these  same  modes  as  the  best  candidates  for  explaining  the  upstream 
electrostatic  noise,  which  is  now  believed  to  b the  same  basic  plasma 
wave  mode  detected  by  Helios  far  from  the  earth.  Although  Gurnett 
and  Anderson  [ 1977 J argue  that  it  is  unlikely  that  the  proper  condi- 
tions ex.st  in  the  solar  wind  for  generating  the  Buneman  instability 
no  met-hoa  was  available  to  clearly  distinguish  between  these  two  modes 
of  propagation. 

One  way  of  distinguishing  the  Buneman  mode  from  the  ion- 


acoustic  mode  is  to  measure  the  wavelength.  The  two  inodes  differ 
fundamentally  in  the  wavelengths  required  to  account  for  the 
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observed  frequency  spectrums . Since  ion  acoustic  waves  only  occur  at 

+ 

frequencies  less  than  f^  m the  rest  frame  of  the  plasma,  large  doppler 
shifts  and  correspondingly  short  wavelengths  of  tens  to  hundreds  of 
meters  are  required  to  account  for  the  frequency  range,  (2  - 10)f*, 
in  which  the  noise  is  usually  observed.  The  Buneman  mode,  on  the  other 
hand,  occurs  at  a frequency,  f^  ~ 3.49  f*,  which  requires  no  doppler 
shift  to  account  for  the  observed  frequency  spectrum,  implying  wave- 
lengths of  several  hundred  meters  or  more. 

Since  only  a single  electric  dipole  antenna  is  used  on  Helios, 
the  wavelength  cannot  be  determined.  However,  the  IMP  6 spacecraft, 
which  also  detects  the  same  waves  upstream  of  the  bow  shock,  has  two 
antennas  of  different  lengths  which  can  be  used  to  estimate  wavelengths. 
The  technique  used  consists  of  comparing  the  measured  antenna  voltages, 
V,  with  the  tip-to-tip  lengths,  L,  of  the  antennas.  For  wavelengths 
longer  than  the  antenna  the  antenna  voltage  is  directly  proportional 
to  the  antenna  length,  so  that  the  computed  electric  field  strength, 

E = 2V/L,  is  the  same  for  both  antennas.  However,  for  wavelengths,  X, 
comparable  or  shorter  than  the  antenna  this  proportionality  no  longer 
holds.  In  general  we  expect  that  when  X L the  measured  electric 
field  strength  will  be  underestimat'd. 

On  IMP  6 the  electric  field  antennas  consist  of  two  orthogonal 
dipoles  with  tip-to-tip  lengths  of  = 92.5  meters  and  Lx  53*5 
meters  [Gurnett,  19741.  The  two  antennas  are  mounted  orthogonally 
to  each  other  and  to  the  spacecraft  spin  axis.  The  spin  axis  is 
directed  normal  to  the  ecliptic  plane.  Simultaneous  measurements  of 
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t- • v *ltag>'  spectr  ans  from  tn*  two  antennas  are  made  with  tw  identical 
spectrum  analyzers.  Because  f their  orientation  the  two  antennas  d 
not  detect  the  same  component  of  the  electric  field.  However,  for  a 
steady-state  wave  spectrum  comparisons  can  ; e made  by  averaging  over 
many  rotations  of  the  spacecraft. 

A case  for  which  the  wavelength  of  the  interplanetary  ion- 
acoustic  turbulence  has  been  estimated  using  this  technique  is  shown  in 
Figure  15 . During  this  period  IMP  6 is  upstream  of  the  bow  shock  at 
geocentric  radial  distances  from  about  19  to  26  and  local  times 
from  about  9-8  to  10.2  hr.  A substantial  level  of  ion-acoustic  wave 
activity  is  present  during  this  period.  Some  of  these  events  can  be 
associated  with  low-energy  protons  arriving  from  the  bow  shock, 
whereas  other  events,  such  as  the  intense  burst  from  about  0520  to 
0610  UT,  are  of  interplanetary  origin.  This  period  of  enhanced  ion- 
acoustic  wave  activity  occurs  shortly  after  an  abrupt  increase  in  the 
solar  wind  density  at  about  0500  UT  (see  the  top  panel  of  Figure  15), 
which  preceded  the  onset  of  a high-speed  solar  wind  stream  a few  hours 
later  [W.  Feldman,  personal  communication]. 

The  electric  field  spectrums  obtained  from  the  E and  E 

y x 

antennas  during  the  interval  from  about  0530  to  0602  UT  are  shown  in 
the  bottom  panel  of  Figure  16.  These  spectrums  give  the  median  values 
of  all  of  the  peak  intensities  obtained  during  this  interval,  computed 
using  E = 2V/L.  Each  point  represents  the  median  of  approximately  700 
individual  peak  measurements.  Because  of  the  impulsive  temporal 


fluctuations  a large  number  of  measurements  are  needed  to  reduce  the 
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statistical  fluctuations  to  an  acceptable  level.  The  ratio  of  the  E, 
to  the  [•  field  strengths,  computed  from  these  spectrums,  is  shown  in 
ti  • top  pa",  1 if  Figure  It,  with  estimates  of  the  corresponding  error 
lin  its  (one  standard  deviation).  As  can  he  seen  the  E /E^  ratio  is 
approximately  one  al  low  frequencies,  f < 3 kHz,  but  deviates  sub- 
e car.tiall;,  below  one  at  high  frequencies,  f £ 10  kHz.  The  decrease  in 
the  l-  ,./r.  ratio  at  high  frequencies  indicates  chat  the  longer,  K , 
ai.tei.'-'i  is  significantly  underestimating  the  field  strengths  in  com- 
parison to  the  shorter,  E^,  antenna.  This  deviation  of  the  Ey/Ex 
ra' io  indicates  that  wavelengths  shorter  than  L = 92.5  meters  are 
being  detected  at  frequencies  above  about  3 kHz. 

To  demonstrate  the  overall  accuracy  and  reliability  of  this 


technique  a corresponding  analysis  was  performed  on  a band  of  whlstler- 
mode  plasmaspheric  hiss  detected  in  the  earth's  magnetosphere  a few 
hours  later.  It  is  easily  shown  that  the  wavelengths  of  these  whistler- 
mode  waves  are  very  large,  much  larger  than  the  dimensions  of  the 
IMF-i  electric  antennas.  The  results  of  this  analysis  are  shown 
in  Figure  17-  As  can  be  seen  the  E^/E^  ratio  stays  very  close  to  one 
at  all  frequencies,  thereby  confirming  that  the  wavelengths  are 
I i r than  the  antenna  length.  These  and  man;,  other  similar  cempari- 
s ■ ; ’or  a wide  variety  of  plasma  wave  phenomena  demonstrate  that 
significant  deviations  of  the  E ,/E^  ratio  below  one,  such  as  in 
F’g'jre  1",  are  not  instrumental  effects  and  can  only  be  alt  rib  ited 


i; 


• wav  Lengthi  s)  »rter  than  the  antenna  length. 


Having  confirmed  the  accuracy  of  the  method,  it  is  now  of  interest 
to  compare  the  measurements  in  Figure  16  with  the  wavelengths  to  be 
expected  if  the  waves  are  ion-acoustic  waves . For  typical  solar  wind 
parameters,  T“  — 1.5  X 10^  K,  it  is  readily  shown  that  the  ion- 
acoustic  speed,  C = J kf/ra1’  ~ 35.2  km  (sec)'^-,  is  much  less  than  the 
solar  wind  velocity.  For  these  conditions  the  frequency  detected 
in  the  spacecraft  frame  of  reference  is,  to  a good  approximation, 
given  entirely  by  the  doppler  shift  (valid  for  f » f ), 


f = <-?>  ekV  , 


where  ?kv  is  the  angle  between  the  propagation  vector  k and  the  solar 
wind  velocity,  V^r . Since  the  electric  field  and  k are  parallel  to  the 
solar  wind  magnetic  field,  @ky  can  be  determined  from  the  measured 
magnetic  field  direction.  Solving  equation  (l)  for  using  the  appro- 
priate solar  wind  speed,  ~ 36O  km  (sec)"1  from  Figure  15,  and  using 
~ 22°  from  the  IMP  6 magnetometer  data  [D.  Fairfield,  personal 
communication]  the  wavelengths  corresponding  to  each  frequency  can  be 
calculated.  These  wavelengths  are  shown  by  the  wavelength  scale  at  the 
top  of  Figure  16,  along  with  the  lengths,  Ly  and  Lx,  of  the  two  elec- 
tric antennas.  As  can  be  seen,  the  E /E  ratio  starts  to  i 'viate  ■ . ■. 

one  as  soon  as  the  computed  wavelength  becomes  significantly  shorter 
than  the  antenna.  These  comparisons  show  that  the  wavelength  computed 


from  the  doppler  shift  formula  is  in  excellent,  qi.rr.tita:  Ivt 
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with  the  wavelength  estimated  from  the  Ex/E  ratio  (X  ~ 92.  5 meters 
at  f * 3 kHz). 

Farther  evidence  of  shore  wavelengths  is  provided  by  the  upper 
cutoff  of  the  observed  frequency  spectrum  and  the  variation  of  this 
cutoff  with  radial  distance  from  the  sun.  It  is  well  known  that  the 
shortest  wavelength  which  can  occur  in  a plasma  is  determined  by  the 
onset  of  strong  Landau  damping  at  a wavelength  of  about  2tt  X^,  where 
X‘-  = e kT/ne  is  th<  Del  length,  rhe  minimum  wavelength.  A . = 

2rr  X , computed  from  the  measured  plasma  density,  n ^ 35  (cm)-'’,  and 

_ c 

temperature,  T = l.U  x 10'-  ' K,  is  approximately  27*5  meters,  as  shewn 
at  the  top  of  Figure  lb.  As  can  be  seen,  this  minimum  wavelength  is 
ir.  excellent  agreement  with  the  observed  upper  cutoff  frequency  of  the 
electric  field  spectrum.  The  dependence  of  the  minimum  wavelength,  on 
the  plasma  density,  X . oc  oc  L/JrT , furthermore  explains  the 

tendency  for  the  upper  cutoff  frequency,  f ^ (V„../X  . ) Of  yn  , to 
increase  with  decreasing  radial  distance  from  the  sun  (see  Figure  6), 
since  the  plasma  density  increases  closer  to  the  sun.  Using  the  plasma 

p 

density  scaling  law,  n Of  l/R‘  , appropriate  for  the  solar  wind  far 
from  the  sun,  the  upper  cutoff  frequency  should  vary  approximately  as 
f^oc  l/R,  which  is  seen  to  be  in  good  agreement  with  the  observed 
radial  variation  of  the  upper  cutoff  frequency  illustrated  in  Figure  6. 
These  comparisons  all  provide  strong  evidence  that  the  low  frequency 
electrostatic  waves  detected  in  the  solar  wind  by  IMF  6,  IMF  8 and 
Helios  have  short  wavelengths  and  dcppler  shifts  consistent  with  the 
identification  of  these  waves  as  ion-acoustic  waves. 
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A . • if  i -rt  wavelengths  are  clearly  evident  1'or  the  event 
in  Fir  ;r  i , .n  most  vases  ion-acoustic  waves  detected  by  IMP  l do 
i.ot  s >w  t'.’se  • r'fects.  The  event  in  Figure  lb  is  unusual  in  that 
the  plasma  density  is  very  large,  r.  = 3?  (cm)*-'’,  which  results  in  a 
mi nir. ’jir.  wavelength  suos tantially  less  than  the  antenna  length.  For 

_ Q 

typical  solar  wind  plasma  densities  at  1 A.U.,  n ~ 5 (cm)  , the 
mir. im  ••  wavelength  is  approximately  X = 72  meters,  which  is  evidently 
. ff i> • Le'.tlv  larg"  ti  make  short  wavelength  effects  undetectable 
rvi- ; ’ • ugh  wavt  lengtiis  shorter  t!ian  the  IMP  6 antenna  length, 

:>  ters,  c ild  occur.  Note  fron  Figure  16  that  most  of  th 
wave  energy  occurs  at  wavelengths  substantially  larger  than  X = 

2rr  Xp,  aril  that  the  intensity  is  strongly  attenuated  for  wavelengths 
approaching  X . • It  should  als  be  noted  that  because  of  the 
shorter  Length  of  the  Helios  antennas  (L  = 16  meters  for  Helios  1 a::d 
L = 32  meters  for  Helios  2),  errors  due  to  short  wavelength  effects 
are  not  normally  expected  to  be  significant  for  the  Helios  measure- 
ments. except  fer  unusually  high  densities. 


V.  SUMMARY  AND  DISCUSSION 


Plasma  wave  measurements  on  the  solar  orbiting  Helios  space- 
craft have  previously  shown  that  sporadic  bursts  of  electrostatic  tur- 
bulence are  commonly  observed  in  the  solar  wind  at  frequencies  between 
the  electron  and  ion  plasma  frequencies  [Gurnett  and  Anderson,  1977]. 

In  this  paper  we  have  expanded  the  earlier  investigation  of  these 
waves  using  the  Helios  data  and  have  compared  the  Helios  results  with 
similar  measurements  from  the  earth-orbiting  IMP  6 and  8 spacecraft. 
Wavelength  measurements  with  the  IMP  6 spacecraft  now  provide  strong 
evidence  that  these  waves  are  short  wavelength  ion-acoustic  waves  at 
f < fp  which  are  doppler-shifted  upwards  in  frequency  by  the  motion  of 
the  solar  wind.  The  upper  cutoff  frequency,  and  the  variation  of  this 
cutoff  frequency  with  radial  distance  from  the  sun,  f cc  l/R,  are  in 
close  agreement  with  the  short  wavelength  cutoff  expected  for  ion- 
acoustic  waves. 

Comparison  with  the  IMP  6 and  8 data  reveal  that  a substantial 
fraction,  50  to  70%,  of  the  ion-acoustic  wave  turbulence  detected  in 
the  solar  wind  near  the  earth  is  caused  by  suprathermal  protons  stream- 
ing into  the  solar  wind  from  the  earth's  bow  shock.  These  waves, 
which  correspond  to  the  upstream  electrostatic  waves  first  reported  by 
Scarf  et  al.  [1970],  are  observationally  indistinguishable  from  the 
ion-acoustic  waves  detected  by  Helios.  Although  the  upstream  proton- 


driven  waves  and  the  waves  detected  by  Helios  are  both  evidently 
ion-acoustic  waves,  some  distinctly  different  source  is  required  to 
explain  the  Helios  observations,  since  protons  from  the  earth's  bow 
shock  cannot  possibly  account  for  the  waves  detected  by  Helios  far 
from  the  earth.  Examination  of  the  IMP  6 and  8 data  reveals  many 
examples  of  ion-acoustic  turbulence  during  periods  when  no  protons 
can  be  detected  coming  from  the  earth's  bow  shock.  These  events 
evidently  correspond  to  the  waves  detected  by  Helios  far  from  the 
earth.  Usually  in  these  cases  there  is  no  evidence  of  significant 
suprathermal  electron  or  proton  fluxes,  other  than  the  quiescent  solar 

wind  distribution.  Tn  a few  events  variations  in  the  ion-acoustic 
wave  intensity  were  found  which  are  closely  correlated  with  changes 
in  the  anisotropy  of  the  solar  wind  electron  distribution.  These 
events  .strongly  suggest  that  the  ion-acoustic  turbulence  is  driven 
by  the  anisotropy  associated  with  the  electron  heat  flux  in  the  solar 
wind,  a;  suggested  by  Forslund  [1970]- 

The  basic  mechanism  proposed  by  Forslund  fl970]  is  illustrated 
schemut  cally  in  Figure  18,  which  shows  the  general  fcrm  of  the  reduced 
one-dimensional  electron  and  proton  distribution  functions  in  the 
solar  wind.  The  reduced  one-dimensional  distribution  functions 
are  computed  from  F(V)  = f dV^  f(V),  where  f(^)  is  the  three- 
dimensional  distribution  function  and  dV^  represents  an  integration 
over  velocities  perpendicular  to  the  magnetic  field.  As  indicated, 
a substantial  anisotropy  is  produced  in  the  high  energy,  r "halo", 
electrons  by  the  electron  heat  flux  flowing  outward  away  from  the 


sun  [Feldman  et  al.,  197^,  1975]  • Since  the  net  current  in  the  solar 
wind  is  essentially  zero,  except  at  discontinuities,  the  electron 
current  associated  with  the  antisunward  drift  of  the  energetic  "halo" 
electrons  must  be  compensated  by  a sunward  drift  of  the  low-energy 
"core"  electrons.  This  drift  velocity,  V^,  is  indicated  in  Figure  18. 
If  the  double  peak  in  the  combined  velocity  distribution  function, 

F(V)  = F“(V)  + (m-/m')  F+(V),  produced  by  this  drift  is  sufficiently 
large  then  the  ion-acoustic  mode  is  unstable.  The  condition  for 
instability  it:  given  by  the  Penrose  criterion 


F (V )-F (Vp ) 
(V-V0)2 


dV  > 0 , 


where  V is  the  velocity  of  the  minimum  in  F(V)  [Penrose,  i960]. 

For  equal  electron  and  ion  temperatures,  T-  T+,  the  threshold  drift 
velocity  is  very  large,  approximately  = VkT" m-  , which  is  too 

large  to  be  exceeded  in  the  solar  wind.  However,  if  T”  » T+,  which 
is  sometimes  satisfied  in  the  solar  wind,  then  the  threshold  drift 
velocity  for  instability  is  greatly  reduced,  to  approximately 


v kT 

vt  N ijr 


[ Krall  and  Trivelpiecc,  1973].  For  a solar  wind  ion  temperature  of 
T+  ~ 4.0  x 10^  °K,  the  threshold  drift  velocity  is,  for  example,  only 
V = 18  km  (sec)-1  (assuming  T-  » T+).  For  electron  temperatures  only 
moderately  larger  than  the  ion  temperature  the  threshold  drift  velocity 


is  larger  than  equation  (3),  by  a factor  which  depends  on  T"/T+  [see 
Krall  and  Trivelpiece,  19731 • Based  on  his  analysis,  Forslund  [1770] 
conclude  i that  the  ion-acoustic  mode  should  be  driven  unstable  y the 
electron  heat  flux  whenever  the  electron  to  ion  temperature  ratio  is 
suit iciertly  large. 

i lthough  the  observations  of  an  association  between  the  aniso- 
tropy in  the  electron  distribution  function  and  the  occurrence  of  ion- 

j 

acoustic  waves  provide  strong  evidence  for  the  mechanism  proposed  by 
Forslund  I" 1970],  the  detailed  arguments  in  support  of  this  mechanism 
ar»  more  involved,  since  all  other  types  of  double  peaked  distributi  n 
functions  which  could  possibly  generate  ion-acoustic  waves  must  be 
eliminated  from  consideration.  Charged  particle  measurements  such  as 
in  Plates  2 and  3 clearly  show  that  ion-acoustic  waves  occur  during 
times  when  no  secondary  peak  is  detectable  in  either  the  electron  or 
proton  distribution  functions,  within  the  energy  range,  50  eV  ^ E ^ 

45  keV,  and  resolution  of  the  LEPEDEA.  Although  electron  energies 
less  than  100  eV  were  not  investigated,  it  is  almost  completely  certain, 
based  on  the  results  of  Feldman  et  al.  [1975],  that  double  peaks  do 
not  occur  in  the  electron  distribution  function  at  energies  less  than 
100  eV.  It  is  possible  that  closely  spaced  double  peaks  could  occur 
in  the  ion  distribution,  such  as  the  double  proton  streams  reported 
h Feldman  et  al.  f 1973 a],  and  still  be  unresolved  in  the  LEPEhEA 
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circumstances  generate  i n-acoustic  waves.  Si:,  e neither  the  elec- 
tron r ior.  distribution  functions  apparentl.  nave  th»  doul  le- 

peaked  form  required  to  produce  an  instability,  essentially  the  only 
possibility  left  is  the  double  peak  produced  by  a velocity  shi^t  be- 
tween the  peaks  in  the  electron  and  ion  distributions,  as  illustrated 
in  Figure  18.  The  presence  of  such  a velocity  shift  in  the  solar  wind 
has  now  been  amply  demonstrated  by  Feldman  et  al.  [197*+,  1975]  . It 
only  remains  to  be  demonstrated  that  this  shift  is  sufficiently  large 
to  exceed  the  threshold  for  generating  ion-acoustic  waves.  The  magni- 
tude of  the  velocity  shift,  which  is  difficult  to  measure  directly, 
can  be  estimated  from  the  anisotropy  in  the  halo  electron  distribution. 
For  the  event  in  Figure  14  at  1720  UT,  the  flux  of  electrons  along  the 
magnetic  field  (first  moment)  is  estimated  to  be  1.50  x 10°  electrons 
(cni'-sec)  . Using  the  measured  local  plasma  density  of  n = 10.1 
(cm)  , this  flux  must  be  compensated  by  a sunward  drift  of  the  core 
electrons  at  a velocity  of  about  150  km  (sec)  ^ . The  ratio  of  this 
drift  velocity  to  the  electron  thermal  speed  (using  T = 1.5  X 10^  CK) 
is  about  0.1.  Whether  this  drift  velocity  exceeds  the  threshold  drift 
velocity  for  the  ion-acoustic  wave  instability  is  critically  dependent 
on  the  electron  to  ion  temperature  ratio.  For  the  period  of  interest 
the  ion  temperature  measured  by  the  Los  Alamos  plasma  probe  on  IMP  8 
is  T+  = 7.1  X 10^  °K.  Using  a typical  temperature  of  T"  = 1.5  X 10^  °K 
for  the  core  electrons  the  temperature  ratio  is  T"/T+  = 2.l4.  For 
this  relatively  low  electron  to  ion  temperature  ratio  the  ion-acoustic 
mode  shc’uld  be  stable  according  to  the  curves  given  by  Stringer  [1964]. 
On  the  other  hand,  if  a typical  halo  temperature  of  T“  = 7.0  x 10 ’ K 


is  used,  which  gives  T“/T+  = 10,  the  threshold  drift  velocity  given  by 
equation  (3),  Vt  = 23  km  (sec)'1,  valid  wh-  n T“  » T+,  is  exceeded  by 
a substantial  factor.  Since  no  computer  calculations  of  the  threshold 
drift  velocity  are  available  for  a realistic  combination  of  core  and 
halo  electron  distributions,  the  stability  of  the  ion-acoustic  mode 
cannot  be  accurately  determined.  However,  since  the  correct  effective 
electron  to  ion  temperature  ratio  is  pr  a:  l.v  sum.  where  in  between 
the  two  extremes  given  by  the  core  and  halo  temperatures,  it  seems 
likely  that  the  ion-acoustic  mode  is  . .tabic  in  this  case.  Further 
detailed  analyses  of  the  exact  Ir.stal  Hit.  c '’editions  are  needed  for 
realistic  models  of  the  solar  wind  electron  distribution  to  clearl,, 
answer  tlric’  question. 

For  the  ion-acoustic  waves  generated  by  protons  streaming  into 
the  solar  wind  from  the  bow  shock  there  is  no  question  about  which 
particles  are  responsible  for  the  instability.  However,  considerable 
uncertainty  still  remains  concerning  the  detailed  mechanism  by  which 
the  proton  stream  produces  the  instability.  In  considering  the 
origin  of  the  instability  two  distinctly  different  mechanisms  can  be 
identified:  (1)  the  instability  may  be  caused  directly  by  the 

double  peak  in  the  proton  distribution  (see  Figure  11),  or  (2)  the 
instability  may  be  caused  indirectly  by  the  shift  in  the  velocity  of 
the  core  electrons  required  to  maintain  zero  net  current,  similar  to 
the  heat  flux  mechanism.  Of  these  two  possibilities,  the  second 
mechanism  is  believed  to  be  dominant.  For  the  first  mechanism  rough 
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estimates  show  that  the  peak  in  the  proton  distribution  function  due 
to  the  upstreaming  protons  is  simply  too  small  to  be  unstable  accord- 
ing to  the  Penrose  criterion.  Note  that  the  contribution  of  the 
proton  stream  to  F(V)  is  greatly  reduced  by  the  factor  (m~/m+)  in  the 
combined  one-dimens ior.al  distribution  function,  in  addition  to  the 
fact  that  the  distribution  function  for  this  stream  is  nearly  six  orders 
of  magnitude  below  the  peak  due  to  the  solar  wind  beam  (see  Figure  11). 
On  the  other  hand,  the  nroton  flux  associated  with  the  upstreaming 
protons  can  be  quite  substantial,  ~ 5 X 10L  protons  (cm  -sec)-  . The 
upstreaming  protons  must  therefore  cause  a shift  in  the  velocity  of 
the  core  electro  ns  with  respect  to  the  solar  wind  protons  in  order  to 
maintain  zero  net  current.  If  this  shift  is  large  enough  to  produce 
instability  this  mechanism  would  explain  why  the  ion- acoustic  waves 
driven  by  the  upstreaming  protons  are  so  similar  to  the  interplanetary 
ion-acoustic  waves,  since  the  mechanisms  are  essentially  identical. 

Note  that  halo  electrons  streaming  away  from  the  sun  and  the  sunward 
streaming  protons  both  contribute  in  the  same  sense  to  the  current 
imbalance.  Detailed  comparisons,  however,  often  show  that  the  in- 
tensities of  the  upstreaming  protons  are  too  small,  by  factors  of  10 
to  100,  to  produce  velocity  shifts  exceeding  the  threshold  for  the  ion- 
acoustic  wave  instability  using  a simple  Maxwellian  distribution  for 
the  core  electrons.  The  detailed  explanation  of  this  discrepancy  is 
not  known,  however  one  possibility  is  that  the  electron  heat  flux 
maintains  the  plasma  near  marginal  stability  for  ion-acoustic  waves, 
so  that  only  a small  current  imbalance  is  needed  to  trigger  the 


instability.  Also,  Feldman  al . [1973b]  have  shown  that  protons 
streaming  into  the  solar  wind  from  the  earth's  bow  shock  produce  sub- 
stantial perturbations  in  the  ambient  solar  wind  electron  distribution. 
These  perturbations  and  their  effect  on  the  instability  condition 
given  by  the  Penrose  criterion  must  be  studied  in  greater  detail  before 
the  generation  mechanism  of  the  upstream  ion-acoustic  waves  can  be 
completely  resolved. 

Numerous  investigators  have  suggested  possible  roles  which 
ion-acoustic  turbulence  may  play  in  determining  the  large  scale 
properties  of  the  solar  wind.  It  has  been  suggested  that  ion-acoustic 
waves  can  heat  the  solar  wind  ions  [Fredricks,  1969] , regulate  the 
electron  heat  flux  in  the  solar  wind  [Forslund,  1970;  Schulz  and  Eviatar, 
1972;  Gary  et  al. , 1976],  and  thermally  couple  the  electron  and  ion 
distributions  [Perkins,  1973] • The  extent  to  which  the  ion-acoustic 
waves  detected  by  Helios  and  IMP  6 and  8 play  any  significant  role 
in  these  processes  remains  to  be  determined.  At  1 A.U.  the  maximum 

intensities  of  the  ion-acoustic  turbulence  are  relatively  small,  with 

o 

energy  density  ratios  of  only  e _!■  'TnkT  ~ 10  . The  turbulence 

is,  however,  present  a large  fraction  of  the  time  and  increases 
rapidly  in  intensity  with  decreasing  radial  distance  from  the  sun. 

These  factors  all  suggest  that  the  presence  of  these  waves  must  be 
given  serious  consideration  in  the  overall  understanding  of  the  solar 
wind,  part i lari,  i-  n-iati  n t-  th  r gula+ i r f the  tar  wind 
h ->at  I'l  lx. 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


FIGURE  CAPTIONS 

A typical  example  of  the  ion-acoustic  waves  detected  by 
the  Helios  2 spacecraft  at  about  0.45  A.U.  The  solid 
lines  and  the  vertical  bars  (solid  black  areas)  indicate 
the  peak  and  average  electric  field  strengths.  The  in- 
tense noise  at  low  frequencies,  ^ 311  Hz,  is  caused  by 
interference  from  the  spacecraft  solar  array. 

A typical  spectrum  of  the  ion-acoustic  turbulence  at  a 
selected  interval  from  Figure  1.  Note  the  distinct  peak 
in  the  spectrum  from  about  (2  - 10)fp,  and  the  large  rati.' 
of  the  peak  to  the  average  electric  field  strength  indi- 
cative of  very  impulsive  temporal  variations. 

Ver;,  high  time  resolution  measurements  from  Figure  1, 
showing  the  impulsive  burst-like  temporal  structure  m'  the 

ion-acoustic  turbulence. 

The  angular  distribution  of  the  electric  field  intensity 
of  the  ion-acoustic  turbulence,  showing  that  the  electric 
field  of  this  noise  is  oriented  approximately  parallel 
to  the  solar  wind  magnetic  field. 


Figure  5 


Figure  6 


Figure  7 


Figure  8 
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A compressed  time  scale  plot  showing  the  electric  field 
intensities  for  one  solar  rotation.  Each  peak  and  average 
point  represents  a 36-minute  interval.  These  data  show 
that  a low  level  of  ion-acoustic  wave  turbulence,  at 
amplitudes  of  10  to  100  gV  m”^,  is  present  in  the  solar 
wind  a substantial  Fraction  of  the  time. 

A statistical  survey  of  the  36-minute  peak  field  strength 
measurements  of  the  type  shown  in  Figure  5 for  a total 
of  two  complete  orbits  around  the  sun.  These  data  show 
that  both  the  frequency  and  amplitude  of  the  ion-acoustic 
wave  turbulence  increases  systematically  with  decreasing 
radial  distance  from  the  sun  , with  f cc  1/R. 

IIlcLX 

A more  detailed  analysis  of  the  broad -band  electric 
field  intensity  as  a function  of  the  radial  distance 
from  the  sun.  The  radial  distance  is  plotted  on  a log- 
arithmic scale,  so  that  a power  law  dependence  will  be  a 
straight  line.  The  electric  field  amplitude  varies  approxi- 
mately as  l/R. 

An  example  of  ion-acoustic  waves  detected  upstream  of 
the  earth's  magnetosphere  in  association  with  an  intense 
burst  of  1 to  10  keV  protons  streaming  into  the  solar  wind 
from  the  bow  shock  (see  Plate  1). 
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Fig;r-  ■ A .-cries  of  loa-acoustic  wave  events  detected  by  IMP 

for  which  no  protons  car;  be  detected  arriving  from  the 
bow  shock  (see  Plate  2).  Th^se  waves  evidently  correspond 
to  the  interplanetary  ion-aeoustic  wave  tun  Pence  of  the 
type  detected  by  Heli  c far  from  the  earth. 


Figure  10  An  intense  burst  of  ion-acoustic  waves  detected  during  a 
period  when  a substantial  anisotropy  is  evident  in  the 
low-energy  electron  distribution  (see  Plate  3)» 

Figure  11  The  distribution  function  for  the  intense  burst  of  protons 
observed  streaming  into  the  solar  wind  from  the  earth's 
bow  shock  from  0930  to  1030  UT  in  Plate  1.  The  +Vx  velo- 
city axis  is  directed  toward  the  sun.  The  dashed  line 

gives  the  solar  wind  proton  distribution  function  as 

determined  from  the  Los  Alamos  plasma  analyzer  on  IMP  8. 

Figure  12  The  angular  distribution  of  the  electric  field  intensity 
for  an  ion-acoustic  wave  event  produced  by  upstreaming 
magnetosheath  protons.  These  data  show  that  the  electric 
field  of  the  proton-driven  ion-acoustic  waves  is  parallel 
to  the  solar  wind  magnetic  field,  essentially  identical 
to  the  ion-acoustic  waves  detected  by  Helios  far  from 
the  earth  (compare  with  Figure  4 ) . 
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Figure  13  The  low-<--  ergy  electron  interic.it;,  variation;  associated 
with  the  hirst  of  ion-acoustic  waves  shown  i-  ;’igi  r<  10. 
The  dashed  curve  at  cp£,  - 124°  gives  the  electron  intensi- 
ties perpendicular  to  the  magnetic  field  and  the  solid 
curve  at  cpL  = 34°  gives  the  intensities  looking  general!. 

Ofci 

toward  the  sun  and  along  the  ecliptic  plane  projection 
f th<  magnetic  field.  The  ion-acoustic  waves  occur 
during  periods  of  substantial  anisotropy  in  the  low-energy 
electron  intensities  associated  with  the  electron  heat 
flux  in  the  solar  wind. 

Figure  14  Further  details  of  the  anisotropic  electron  distribution 
associated  with  the  burst  of  ion-acoustic  waves  shown  in 
Figure  10,  selected  for  times  when  the  magnetic  field  is 
aligned  parallel  to  the  viewing  direction  of  the  LEPEDEA. 
At  1232  UT  the  anisotropy  is  very  small  and  no  ion- 
acoustic  waves  are  present.  At  1720  UT  the  anisotropy 
is  large,  particularly  at  the  lower  velocities,  and  the 
ion-acoustic  wave  intensities  are  correspondingly  large. 

Figure  1‘  A burst  of  ion-acoustic  wave  activity  detected  1 y IMF  6 
in  association  with  a density  compression  preceding  a 
high-speed  solar  wind  stream. 


Figure  3.6  A comparison  of  the  electric  field  amplitudes  for  the 

burst  of  ion-acoustic  waves  in  Figure  15  using  antennas 


of  two  different  lengths.  The  deviation  of  the  E /E 

y x 

ratio  below  one  indicates  that  the  wavelength  of  the  waves 
are  shorter  than  the  lorgest  antenna,  = 92.5  meters, 
at  frequencies  above  about  3 kHz.  The  scale  at  the  top 
of  the  illustration  indicates  the  wavelength  which  would 
occur  if  the  observed  frequencies  are  entirely  due  to 
doppler  shifts . Note  the  close  correspondence  of  the 
upper  frequency  cutoff  to  the  minimum  wavelength  2 rr 
caused  by  Landau  damping. 

Figure  17  A comparison  of  the  E /E  ratio  for  a broadband  plasma- 

y x 

spheric  hiss  emission  observed  a few  hours  after  the  event 
in  Figure  l6.  Plasmaspheric  hiss  has  wavelengths  much 
longer  than  the  antenna  length.  The  close  correspondence 
of  the  E /E  ratio  to  one  confirms  the  overall  accuracy 
of  this  technique  for  detecting  short  wavelength  effects. 

Figure  18  An  illustration  showing  the  velocity  shift,  , between 
the  low-energy  electrons  and  the  solar  wind  protons, 
required  to  maintain  zero  net  current  when  a substantial 
electron  heat  flux  is  present.  If  the  -velocity  shift  is 
sufficiently  large  the  resulting  double  peak  in  the  combined 
electron  and  proton  distribution  function,  F(V),  can  cause 
the  ion-acoustic  mode  to  become  unstable. 


Plate  1 
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The  LEPEDEA  data  corresponding  to  the  electric  field 
measurements  in  Figure  8,  showing  the  occurrence  of  an 
intense  burst  of  protons  streaming  towards  the  sun  in 
direct  correspondence  with  the  burst  of  ion-acoustic 
waves  from  about  0920  to  1115  UT.  These  protons  propa- 
gate from  the  earth's  bow  shock. 

Plate  2 The  LEPEDEA  data  corresponding  to  the  electric  field 

measurements  in  Figure  9*  showing  a series  of  ion-acoustic 
wave  bursts  for  which  no  significant  enhancement  in 
either  the  electron  or  proton  intensities  can  be  identi- 
fied in  association  with  the  ion-acoustic  wave  activity. 

Plate  3 The  LEPEDEA  data  corresponding  to  the  electric  field 

measurements  in  Figure  10,  showing  an  event  in  which  the 

ion-acoustic  turbulence  (from  about  1540  to  1930  UT)  is 
closely  correlated  with  the  occurrence  of  a greatly 
enhanced  anisotropy  in  the  low-energy  solar  wind  electron 
distribution.  This  anisotropy  is  clearly  evident  in 
the  electron  sector  spectrogram  from  about  1540  to 
1900  UT. 

Note:  Plates  1,  2 and  3 will  be  published  in  color. 
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